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INTRODUCTION 


GENERAL 
Digital logic is related to rational thought processes of the mind, where we express our 
decisions by talking, writing, or action. Digital systems outputs are electrical signals that can 
perform a multitude of functions. 
It is often stated that digital logic has developed from philosophical and mathematical 
logics. It is this interrelationship that is suggesting more formal, versatile, and powerful ways in 
which to analyse and utilise digital circuits. 


DIGITAL AND ANALOG COMPARISONS 

The prime difference between the two functions is that analog refers to how much; whilst 
digital is interested in how many. Analog is a continually changing process with infinite variables. 
Digital, however, is a process of discrete definitive values. 

An example of an analog is the range of temperatures between 26°C and 27°C, the only 
restriction is that of precision. Cash is an illustration of discrete digital steps. When it is counted 
the result is a precise amount, with the smallest possible step limited by the denomination of the 
least valuable coin. 


ORIGIN OF DIGITAL SYSTEMS 

Digital electronics began when the first person learned to count, learned to associate number 
names with objects in a group. Most counting was done on the fingers (digits), and for this reason 
the basic number names (one, two, three .....) are known as DIGITS. 

The invention of numbers led to arithmetic and all kinds of calculating devices like the 
abacus, Napier’s bones (the first slide rule), and Pascal’s calculator (the first adding machine). But 
the really crucial inventions in the evolution of digital electronics were made in the nineteenth 
century. 

To begin with, Jacquard (1801) invented an automatic loom whose main feature was the 
use of PUNCHED CARDS. In Jacquard’s loom needles passed through the holes in such a card 
and stitched a pattern onto cloth. By using cards with different hole patterns, Jacquard could 
produce all kinds of figures easily and reliably. ‘ 

In 1833, Babbage visualized the first COMPUTER, a machine that used punched cards to 
carry out arithmetic calculations automatically. By a prearranged code, certain groups of holes 
in these cards were to represent either numbers or instructions. The key idea in Babbage’s com- 
puter was to enter all numbers and instructions before the calculation began; then on command, 
the computer was to carry out all the steps in the calculation without human intervention. (This 
is the crucial difference between a calculator and a computer. A calculator depends on human 
intervention because someone has to enter numbers and instructions while the calculation is in 
progress.) 

In 1854 Boole found a new way of thinking, a new way to reason things out. He decided 

" to use symbols instead of words to reach logical conclusions. Boole saw a pattern in the way we 
think that allowed him to invent symbolic logic, a method of reasoning based on the manipulation 
of letters and symbols. In many ways, symbolic logic tesembles ordinary. algebra. This sytem has 
been called BOOLEAN ALGEBRA. 


Although originally intended for solving logic problems, Boolean algebra now finds its 
greatest use in the design of digital computers. By a coincidence, the rules of symbolic logic 
apply to the electronic circuits in computers and other digital systems. 

Babbage never built a working model of a digital computer, but his notes prove he knew 
how to go about it. His ideas opened up a whole new world and led to today’s modern computers. 


The first electronic computers based on Babbage’s ideas appeared in the early 1950s. These 
FIRST GENERATION computers used vacuum tubes. Toward the end of the same decade, 
SECOND GENERATION computers were developed. (They used transistors.) In the early 1960s 
THIRD GENERATION computers evolved; these used transistors and some integrated circuits. 
We're now in the FOURTH GENERATION of computers; these make extensive use of integrated 
circuits and microprocessor devices. 


14 USES OF DIGITAL SYSTEMS 

Common use of digital systems, apart from industrial process control and international 
satellite communications, includes typewriters that display-replay-modify and copy, weight 
measurement-unit price-total cost scales, electronic measuring devices, vending and poker machines, 
banking/betting/travel and reservation networks, cash registers with full inventory control abilities, 
and high fidelity multitrack recordings. 

Military digital systems are used for cryptography, weapons selection/aim/fire control, 
navigation, high speed secure data links and machinery control. 


NUMBERING SYSTEMS 


GENERAL 
In science, technology, business, and, in fact, in most other fields of endeavour, we are 
constantly dealing with QUANTITIES. These quantities are measured, monitored, recorded, 
manipulated arithmetically, observed, or in some other way utilized in most physical systems. 
It is important when dealing with various quantities that we be able to represent their values 
efficiently and accurately. 


NUMERICAL REPRESENTATIONS 

There are basically two ways of representing the numerical value of quantities: ANALOG 
and DIGITAL. We will only consider the digital method. " 

A digital system is a combination of devices (electrical, mechanical, photoelectric, etc.) 
arranged to perform certain functions in which quantities are represented digitally. Some of the 
more common digital systems are digital computers and calculators, digital voltmeters, and 
numerically controlled machinery. In these systems the electrical and mechanical quantities 
change only in discrete steps. 2 

Generally speaking, digital systems offer the advantages of greater speed and accuracy and 
the capability of memory. In addition, digital systems are generally more versatile in a wider 
range of applications. 

Many number systems are in use in digital technology. The most common are the DECIMAL, 
BINARY, OCTAL and HEXIDECIMAL systems. 


DECIMAL SYSTEM 
The decimal system is composed of 10 numerals or symbols, which are commonly referred 

to as DIGITS. These 10 symbols are 0, 1, 2, 3, 4,5, 6, 7, 8 and 9; using these symbols we can 
express any quantity. The decimal system is also called the BASE — 10 system because it has 10 
digits. The decimal systern is a POSITIONAL — VALUE system in which the value of a digit depends 
on its position. For example, consider the decimal number 358. We know that the digit 3 actually 
represents 3 HUNDREDS, the 5 represents 5 TENS, and the 8 represents 8 UNITS. In essence, 
the 3 carries the most weight of the three digits; it is referred to as the MOST SIGNIFICANT DIGIT 
(MSD). The 8 carries the least weight and is called the LEAST SIGNIFICANT DIGIT (LSD). 


Consider the following example, 7569,, :— 


BINARY SYSTEMS 

Unfortunately, the decimal system does not lend itself to convenient implementation in 
digital systems, however, it is very easy to design simple, accurate electronic circuits that operate 
with only two voltage levels. For this reason, almost all digital systems use the Binary number 
system (base 2) as the basic number system of its operations, although other systems are often 
used in conjunction with binary. 

In the binary system there are only two symbols or possible digit values, O and |. Even 
so, this base — 2 system can be used to represent any quantity that can be represented in decimal 
or other number system. 

Consider the following example, 11011, :- 


OCTAL SYSTEM 
Is a base 8 number system, and uses only the digits 0 to 7. Consider the following 
example, 7364, :— 


NOTE: The base of the number is usually included to distinguish between the number 
systems in use. 


HEXIDECIMAL SYSTEM 
Is a base 16 system, and uses the numbers 0 to 15, where 10 to 15 are substituted by the 
letters A to F. ie. the numbers are 0, 1, 2, 3, 4,5, 6,7, 8,9, A,B, C,D, E& F. 
Consider the following example, 1C9F:— 


FRACTIONS 


eg. 0.5954,, 


eg. 0.0110, 


NOTE: The above is true for all base systems. 


CONVERSION OF BASES 


DECIMAL TO BINARY 
eg. 231.845,, to base 2 
+2 231 
divide the integer 15] 1 1 
by the new base. 57 1 1 
Any remainder to 28 | 1 0 
right of line (Do 14) 0 1 
not divide into 710 1 
remainder.) 3,1 
1] 1 
oj}1 
231.845,, 
DECIMAL TO OCTAL 
eg. 28.85,, to base 8. D 
+8 
6 
6 
3 
ie. 28.85,, = 
- DECIMAL TO HEXIDECIMAL 
eg. 3639, to base 16. 
+16 3639 ; 
PIA TS OT 
14/3 = 3 
oj/14 £E 
ie. 3639,, = E37,, 


x2 
multiply fraction by new 
base, spill over to the left 
of line (Do not x spillover.) 


Binary number read clock- 
wise from bottom left. 


= 11100111.11011, 


x8 


* BINARY TO OCTAL 
(by groups of three (3) FROM the decimal point.) 


eg 1101001.11011 14) 


oo1f1o1foo1].J110f1t ayy 
1 5 1 ].] 6 7 lo 


Then 1101001 . 110111(,) = 151. 679 


BINARY TO HEXIDECIMAL 
(by groups of four (4) FROM the decimal point.) 
eg 1110000010.10001 1,¢,) 


0010 110 Ola 
3 8 2 . 8 


Then 1110000010100011 (,) = 382 . 8Cy,,) 


ree [1000 


am (CD) 


NOTE: For conversions from OCTAL or HEXIDECIMAL to Binary the inverse is 
also true. 
ie. for each octal number, replace with groups of three (3) binary BITS 
to the decimal equivalent of that number. 
For each hexidecimal, replace with a group of four (4) binary BITS to the 
decimal equivalent of that number. 
eg. 

OCTAL 537.4 


ae ‘fe 
s}3}7\.[4 
HEX. AD. F 
= [10101101]. 1113.) 
A] D|] F 


Appendix A lists a table of base conversions of 0,, to 255,, to Binary, Octal, and 
Hexidecimal. Appendix C lists a table of powers of 2 (positive and negative powers 
are both listed). 


BOOLEAN ALGEBRA 


BOOLEAN ALGEBRA 

Boolean Algebra is a very simple form of algebra that describes logical switching functions. 
It is well suited to analysis, fault finding and design of digital circuitry because of its ability to 
express all logic functions as ‘1’ or ‘0’. ’ 

The reason for Boolean Algebra is primarily to simplify a complicated logic circuit to a 
simple logic circuit. 

Boolean Expressions can be derived from logic diagrams, ie. 

a. Begin with the left of the diagram and find the output expression for each logic 


element. 
b. An input expression to any element may be represented by two or more letters. 
These letters should remain grouped in the output expression. 


Fig. 3.1 shows how this is carried out. 


(&-B) 


(A-B)+T).D 


(EB)+E) 


Fig. 3.1 Deriving a Boolean Expression from a Logic Circuit 


Logic diagrams can also be derived from Boolean Expressions, ie. 

a. Begin by constructing the diagram at the right and work to the left until all of the 
inputs become single letters. 

b. Never separate the letters in a group until the group has been separated from the 
other groups in the expression. 

c. If the Viniculum (BAR) extends over more than one letter use an inverter to remove 
it. 

Consider the example shown in Fig. 3.2. 


F=AB+CD 


Fig. 3.2 A Logic Circuit Derived from a Boolean Expression 


* TRUTH TABLE 
A Truth Table is a table that shows all the input and output possibilities for a logic circuit. 


In other words it uniquely defines the operation of a logic circuit. 
A Truth Table must be used for the maximum number of combinations possible, using 
20, where n = the number of input variables, ie., ij 
2ifp = 2? = 4 possible combinations 
3ip22?=8 ” % 
4ifpp=2° = 16 ” ® 
Boolean Expressions can be extracted from the Truth Table by: 
a. Noting which combination of inputs give a ‘1’ output. 
b. Recognising that each *1° output is the result of an AND function. 
c. OR-ing all the AND functions to arrive at the Boolean Expression. 
d. Reduce the Boolean Expression to its simplest terms. 


BOOLEAN THEOREMS 
The first group of theorems is given in Fig. 3.3. In each theorem X represents a logic 
variable that can be either 0 or 1. Each theorem is accompanied by its equivalent logic circuit to 


help verify its validity. 


X.0=0 X.X=X 
” ; 
x C1) 
! 
X.1=X X.X=0 
x x 
or gag ae ee 
0 
X+0=X X+X=X 
x x 
a ee ! 
1 > 
X+1=1 X+X=1 


Fig, 3.3 Single — Variable Theorems 


BASIC LAWS AND COMMON IDENTITIES OF BOOLEAN ALGEBRA 


MULTIPLICATION : (A+B) (A+B) or AA + AB + BA + BB 
COMMUTATIVE : AB = BA or A+B=BtA 
ASSOCIATIVE : A(BC) = ABC or A+@BtOCeat+Bec 
INDEMPOTENT : AA=A o At+A=A 

DOUBLE NEGATIVE : R=A 

COMPLEMENTARY : KA =0 o A+A=1 
INTERSECTION : A.1=A or A.0=0 

UNION : At+l=1 or AtO=A 

DE MORGAN'S THEOREM : AB=A+B o K+B=4.5 
DISTRIBUTIVE : A(B+C) = AB + AC or A+ (BC)= (A+B) (A+C) 
ABSORBTION : A(A+B)=A or A+(AB)= A 

COMMON IDENTITIES —: A(A+B)=AB or A*+AB=A+B 
UNNAMED LAWS é A+aB=A+B or A+AB=A+B 


The following is an example of how a Boolean Expression may be taken from a Truth 
Table, simplified, (using the laws given above) and the simplified circuit drawn from the new 
expression. 


Output expression = ABC + ABC + AB.C + ABC 
Simplified to A.C + B.C + AB. 
Simplification process shown on the following page. 


ABC + ABC + ABC + ABC = 

B(A.C + AT + AC) + ABC 

B(A.c + AC + C)) + ABC @ + C = 1 Complimentary 

B(A.C + A.1) + ABC A.1 = A Intersection 

B(A.C + A) + ABC Ac + A = AtC Common Identities 
B(A + C) + ABC 

B.A + B.C + ABC 

B.A + C(B + A.B) B + AB = B+A Unnamed Law 


B.A. + C(B + A) ANS 
or 
AB + B.C + A.C ANS 


F2A.B+B.C+A.C 


Fig. 3.4 Simplified Circuit for the Expression found in the Previous Example 


CONVERTING FROM EXPLICIT LOGIC TO IMPLICIT LOGIC 
a. Toconvert OR gates to NOR gates, replace all OR’s with NOR’s and invert the out- 


puts. 
b. Toconvert AND gates to NOR gates, replace all AND’s with NOR’s and invert all 


_ inputs. 
c. To convert AND gates to NAND gates, replace all AND’s with NAND’s and invert 


the outputs. : 
d. Toconvert OR gates to NAND gates, replace all OR’s with NAND’s and invert all 


inputs. 
Exercise, convert the circuit in Fig. 3.4 to IMPLICIT logic using all NAND logic. 
VIETCH DIAGRAMS 
A simpler method of reducing Boolean Expressions can be performed by using @ Vietch 
Diagram. 


Pi 


For two variables there are four miniterms (variables). 2? = 4 sq. 
For three variables there are eight miniterms. 2° = 8 sq. 
For four variables there are 16 miniterms. 2* = 16 sq. 


Two Variables — Four Squares 


A a 
ean | ees mas ae 
2 variables cover | square 
: ears 


eg-A=1+3; B=1+2; A=2+4; B=3+4 


Three Variables — Eight Squares 


1 variable covers 4 squares 
2 variables cover 2 squares 


3 variables cover 1 square 


ee AZ 1+24+5+6:B=1+24+34+4, C=24+34+64+7 
A=34+44+7+8;B=54+64+74+8 C=1+5+44+8 


% 


Four Variables — 16 Squares 


1 variable covers 8 squares 
2 variables cover 4 squares 
3 variables cover 2 squares 


4 variables cover 1 square 


eggA=14+2+5+64+94+ 10+ 13 + 14 
D=5+6+7+8+9+ 10 +11 + 12 


AB=1+2+5+6; AD=7+8+11 +4 12 
ACD = 3 + 15; ABC =1+5 
AB.C.D = 6; ABCD = 8 


Example, put the following Boolean Expression into a Vietch diagram. 


F.H + F.G.H + F.GH + F.G + F.GH 
1 3 4 5 


Now to remove the expression from the 
Vietch diagram, we look for 1 variable — 
4/sq. next 2 variables — 2 sq., 3 variables 
- 139. 

Once a square has been used it may be used 
again, 


ay 


It should be noted that the Vietch diagrams can be thought of and treated like a cylinder, 
(ie. it can be rolled such that the left hand edge comes into contact with the right hand edge, or 
such that the top edge meets the bottom edge, thus forming more adjacent squares, should these 
squares be occupied. 

Asan example, consider the following three variable Vietch diagram. 


In this example, squares 1,5;4& 8 
are all adjacent squares and these 
represent C, Similarly squares 4 & 1 
=B.C, and 5 &8=B.C 


‘Squares on side 1, 5,7 & 9 mate 

with their opposite square on side 
4, 6, 8 & 12, whilst the squares 1, 
2,3 & 4 mate with squares 9, 10, 
11412. 


ws 


BINARY ARITHMETIC OPERATIONS 


BINARY ARITHMETIC 
The addition of two binary numbers is performed in exactly the same manner as the 
addition of decimal numbers. In fact, binary addition is simpler since there are fewer cases to 
learn. Let us first review decimal addition: 


37 (6+—{1s0] 


+46 1 
83 7 


The least — significant — digit (LSD) position is operated on first producing a sum of 7. 
The digits in the second position are then added to produce a sum of 13, which produces a CARRY 
of 1 into the third position. This produces a sum of 8 in the third position. 
The same general steps are followed in binary addition. However, there are only four 
cases that can occur in adding the two binary digits (bits) in any position. They are: 
0+0=0 
1+0=21 
1 + 1 = 0 + carry of | into next position 
1 + 1 + 1 = 1 + carry of 1 into next position 


The last case occurs when the two bits in a certain position are 1 and there is a carry from the — 
previous position. Some examples of binary addition are: 


011 (3) 1001 (9) 11.01 1 (3.375) 
+ 110 (6) + 1111 (15) + 10.1 1 0 (2.750) 
1001 (9) 1100 0 (24) 110.00 1 (6.125) 


It is not necessary to consider the addition of more than two binary numbers at a time 
because in all digital systems the circuitry that actually performs the addition can only handle 
two numbers at a time. When more than two numbers are to be added, the first two are added 
together and then their sum is added to the third number; and so on. 

Addition is the most important arithmetic operation in digital systems. As we shall see, 
the operations of subtraction, multiplication and division as they are performed in most modern 
digital computers and calculators actually use only addition as their basic operation. 

Subtraction in the binary system is not as simple an operation as it is in the decimal system. 
The actual subtraction operation as shown below is not the method by which a digital circuit 
carries out the operation. The operation is, however, worth mentioning here. 


eg. 14,, — 12, 
14, 1110, 
- 12, - 1100 
+ 2, + 0010, 


The rules for binary subtraction can be best summarised in the following table: 


Ui) 
0 
1 
1 


extra} 1 -—(I+1) 
rules | 0 - (141) 


Subtraction then, as shown above, is therefore quite a difficult operation to implement 
using digital circuits. A method then must be found which will allow us to carry out this oper- 
ation using simpler digital circuits. 

Two such methods which both use addition as the basis of the operation are: 1’s COM- 
PLEMENT, and the 2’s complement. 


* 1’S COMPLEMENT 

The 1’s complement form of any binary number is obtained by changing every 0 in the 
number to a 1, and every | in the number toa 0. For example, the 1’s complement of 101 1001 
is 0100110, and the 1’s complement of 00111001 is 110001 10. 

Thus far we have considered only UN-signed (TRUE-MAGNITUDE) and since most 
digital calculators and computers handle negative as well as positive numbers, some means is re 
quired for representing the SIGN of the number (+ or —). This is usually done by adding another 
bit to the number called the SIGN bit. 

When negative numbers are represented in 1’s complement form, the sign bit is made a 1 
and the magnitude is converted from true binary form to its 1’s complement. To illustrate, the 
number —45 would be represented as follows: 


(true magnitude form) 
(1’s complement form) 


Note that the sign bit is not complemented but is kept as a 1 to indicate a negative number. 
Modern computers however use the most significant bit of a number to denote the number's 
sign as well as it being a part of the number. The number —45 then would appear as: 


sign bits ear 10.010. (already 1's complement) 
7 45 =|0}101101 (true magnitude but sign bit 
from original form denotes a 
negative number) 


Subtraction of binary nuinbers using 1’s complement would be carried out as follows: 


13 


45 0101101 (Minuend) 
-144 - 000111 2) (Subtrahend) 
31 1110001 (1’s Complement) 
+ O101101 (add Minuend) 
Carry out or Spill 1 0011110 
(End Around Carry) t-------- 1 
oo11111 answer 31. 


Note end around carry goes to the least significant bit position — including binary (decimal) 
place. ; an 
A variation occurs when the Subtrahend is larger than the Minuend (subtracting a larger 
number from a smaller number). In such cases there will be no overflow (carry out). The answer 
must now be complemented and called negative. 


eg. 23 010111 
—25 - 01100 1>) 
-2 10011 07 gL ecomplement 
0101 1 1#———Add the Minuend 
Note: No Spill 1 1 1 1 0 1 ———\To be complemented 
0 00 0 1 0 ——— Correct answer —2. 
2’s COMPLEMENT 


Since most modern computers use the 2’s complement method for binary subtraction or 
addition of SIGNED numbers, it is important that we now discuss this method. 

The 2’s complement of a binary number is found by first obtaining the ones complement 
and then adding 1 to the least significant bit (L.S.B.) eg. 


To find the 2’s complement of 100111 
Obtain the 1’s complement = 011000 
Add 1 to the L.S.B. - 1 
The 2’s complement then = 011001 


Note: The Most Significant Bit (M.S.B.) still represents the sign of the number, where 1=—ve, 
and 0=+ve. The M.S.B. is still treated as part of the whole number and must therefore also be 
operated upon, Hence the number in the above example is negative (MSB = 1) and its true magni- 
tude, found by 2’s complementing is 39 decimal; ie. 10011 1(,) = 399 


Another (and quicker) method for finding the 2’s complement of a binary number is: 
starting from the L.S.B., write down all the bits up to and including the first 1, thereafter comple- 
ment (invert).the remaining bits, eg. 


The 2’s complement of 1001 is O111 
ie Cred 7 ™ 0110 ” #1010 
a ss - 1100 ”" 0100 
ee oe = a 1000 ” #1000 


ADDITION OF TWO'S COMPLEMENT NUMBERS 
a. The addition of two positive numbers is straightforward. Consider the addition of 
+9 and +4 (both decimal numbers). 


sign bits 


+9 1001 (augend) 
+4 0100  (addend) 
foi 101  (sum=+ 13) 


Note that the sign bits of the AUGEND and ADDEND are both 0 and the sign bit of 
the sum is 0 indicating that the sum is positive. 
Also note that the augend and the addend are made to have the same number of bits. 
This must always be done in the 2’s complement system. 

b. Consider the addition of +9 and —4. Remember that the —4 will be in its 2’s comple- 
ment form. Thus, +4 (00100) must be converted to —4 (11100). 


sign bits 
+9 1001. (augend) 
1100 = (addend) 


Lee is disregarded, so the result is 
00101 = (sum=+5) 
In this case the sign bit of the addend is 1. Note the sign bits also participate in the 
addition process. In fact, a carry is generated in the last position of addition. THIS 
CARRY IS ALWAYS DISREGARDED, so the final sum is 00101, which is equiva- 


lent to +5. 
c. Consider the addition of —9 and +4: 
-9— 10111 
+4—=-00100 
11011  (sum=-S) 

” ‘The sum in this example has a sign bit of 1, thus indicating a negative number. Since 
the sum is negative, it is in its 2’s — complement form, then the binary sum qad101t) 
represents the 2’s complement of 00101 (decimal 5). Hence 11011 is the equivalent 
to —5, the correct expected result. 

d. Two negative numbers 
-9—10111 
-4—-11100 
110011 
Lnis carry is disregarded, so the final result is 10011 (sum = —13) 
This final result is again negative and in the 2’s complement form with a sign bit of 1 
ie. 10011 = 01101 (2’s comp.) = )13. 


787 


Equal and opposite numbers 


-9—— "10111 
+49—-01001 


0 100000 
L disregarded, so the result is 00000 (sum = +0) 
The result is obviously +0, as expected. 


SUBTRACTION OF TWO’S COMPLEMENT NUMBERS : 

The subtraction operation using the two’s complement system actually involves the oper- 
ation of addition and is really no different than the various examples considered so far. When sub- 
tracting one binary number (the subtrahend) from another binary number (the minuend), the 
procedure is as follows: 


Take the 2’s complement of the subtrahend, including the sign bit. If the subtrahend 
is a positive number, this will change it to a negative number in 2’s complement form. 
If the subtrahend is a negative number, this will change it to a positive number in true 
binary form. In other words, we are changing the sign of the subtrahend. 
After taking the 2’s complement of the subtrahend, it is ADDED to the minuend. 
The minuend is kept in its original form. The result of this addition represents the 
required DIFFERENCE. The sign bit of this difference determines whether it is 
+ or — and whether it is in true binary form or 2’s complement form. 
Consider the case where +4 is to be subtracted from +9. 
minuend (9) 0 100 1 

subtrahend (4) —-0 0100 

Change the subtrahend to its 2’s complement form (11100). Now add this to the 


minuend: 
01001 = (+9) 
+ 11100 (4) 


100101 
disregard so the result is 00101 = + 5 


When the subtrahend is changed to its 2’s complement form it actually becomes +4, 
so we are in fact ADDING +9 and —4, which is the same as SUBTRACTING +4 from 


+9. (example b.). 


2 


ae 
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CODES AND CODING 


GENERAL 

Having used decimal numbers for many years, we would like to keep using them. Digital 
systems, however, force us to use binary numbers. Fortunately, we can compromise by using 
binary-coded decimals (B.C.D.). These codes combine features of decimal and binary numbers. 
There are an enormous number of B.C.D. codes. In this section we will discuss only the more 
common of them. 

THE 8421 CODE (B.C.D.) 

This code is sometimes referred to as the Natural B.C.D. code since the decimal numbers 

are represented by the binary code group as follows: 


8 2 Ginary weightings) 
0 0 0 0 
1 i) 0 0 1 
2 tt) 0 1 0 
3 i) 0 1 1 
4 i) 1 tt) 0 
5 i) 1 0 1 
6 0 1 1 0 The column returns to 0 after 9. 
- jvghat 1 | Therefore only 10 of the possible 
8 1 0 0 0 16 combinations are used. 
3 1 {1} iY) 1 


The decimal number 659 becomes after encoding: 
6. 5 9 
0110 0101 1001 

Note that unlike the octal and hexidecimal codes, the binary digits are not pushed together to 
form a complete binary number, but instead, are retained in their four-bit groups. To put the 
groups together as for octal or hexidecimal will result in a meaningless group of binary digits. The 
straight binary representation of 659,, is 101001001 1, (ie. the BCD code group requires 12 bits 
whereas straight binary only requires 10 bits to represent 659,, 

The main advantage of the B.C.D. code is the relative ease of converting to and from. 
decimal. 

Many cther four-bit codes exist and the following tables show some of the more common 
B.C.D. codes. 


23 


The 8 471 code has negative weightings in some of the columns and therefore must be 
subtracted from the total for each decimal digit. The 84 3T and 4 22 1 codes are self comple- 
menting codes (ie. the numbers 1,, and 8 ,, are the complement of each other. The choice of 
code depends on the purpose of the circuit, the application of the device and the adjoining circuits. 
The 8 4 2 1 code however, is the most commonly used code. It is for this reason that when the 
B.C.D. code is discussed, the 8 4 2 1 code is assumed. 

Decade counters were discussed in an earlier section so will not be discussed here. 


B.C.D. ADDITION 


A disadvantage of the 8 4 2 1 code is that the rules for binary addition do not apply to 
the entire 8 4 2 1 number, but only to the individual 4-bit groups, eg. adding 12 and 9 in straight 


binary is easy: 


12 1100 If we try this in the 8 4 2 1 code, 
+9 +1001 we get an unacceptable answer. 
21 10101 


ee 
8421 = 12 0001 0010 
+ 9+ 1001 


21 +0001 1011 


We are unable to decode 0001, 1011 because 101 1 does not exist in the 8 4 2 1 code. Remember 
the largest 8 4 2 1 code group is 1001 (9). Therefore, the addition of 8 42.1 numbers is not so 
simple as for binary numbers. This means that some method for carrying out B.C.D. addition 
must be found. : 

One method of adding B.C.D. numbers is given in the following examples. 


a. Sum Equals Nine or Less 


5 0101 ——B.CD. fors 
+4 +0100 ——- " "4 
9 1001 " "9 


zy 


The addition is carried out as in normal binary addition and the sum is 1001, which 
is the B.C.D. code for 9. As another example 45 + 33. 


45 0100 0101——B.C.D. for 45 
+ 33 +2001} .001I—. *_ 33 
78 0111 1000— "” "78 


Here, none of the sums of the pairs of decimal digits exceeds nine, therefore, NO 
DECIMAL CARRIES WERE PRODUCED. For these cases the B.C.D. addition 
Process is straight forward and is actually the same as binary addition. 


Sum Greater Than Nine 


6 0110 ————B.CLD. for 6 
+7 20 eee 
13 1101 ———— Invalid code group for B.C.D. 


The sum 1101 does not exist in the B.C.D. code; it is one of the six forbidden or 
invalid 4-bit code groups. This has occurred because the sum of the two digits ex- 
ceeds 9. Whenever this occurs the sum has to be corrected by the addition of six , 
(0110) to take into account the skipping of the six invalid code groups: 


6 0110 ————_B.CLD. for 6 
+ 7 +0111 —_——: * ™9 
13 1101 ———— Invalid sum 
+ 0110 ———— Add 6 for correction 
0001, oll B.C.D. for 13 
1 3 


As shown above, 0110 is added to the invalid sum and produces the correct B.C.D. 
result. Note that a carry is produced into the second decimal position. This 
_ addition of 0110 has to be performed whenever the sum of the two decimal digits 
is greater than 9. : 
As another example, 47 + 35 in B.C.D. 
47. 0100 0111 ————B.CLD. for 47 
+ 35 +0011 0101 ———— ” ™*” 35 
82 0111 1100 ————— Invalid sum in first digit 
0110 ———— Add 6 


oe Correct B.C.D. sum 


The addition of the 4-bit codes for the 7 and 5 digits results in an invalid sum and is 
corrected by adding 0110. Note that this generates a carry of 1, which is carried over 
to be added to the B.C.D. sum of the second-position digits. 


2s 


To summarize the B.C.D. addition procedure: 

1. Add, using ordinary binary addition, the B.C.D. code groups for each digit 
position. 

2. For those positions where the sum is 9 or less, no correction is needed. The 
sum is in proper B.C.D. form. 

3. When the sum of two digits is greater than 9, a correction of 0110 should be 
added to that sum to get the proper B.C.D. result. This will always produce 
a carry into the next decimal position. 
The procedure for B.C.D. addition is clearly more complicated than straight 
binary addition. This is true for other B.C.D. arithmetic operations. 


THE EXCESS — 3 CODE 
The EXCESS-3 code is related to the B.C.D. code and is sometimes used instead of B.C.D. 
because it possesses advantages in certain arithmetic operations. The XS—3 code for a decimal 
number is performed in the same manner as B.C_D. except that 3 is added to EACH decimal digit 
before encoding it in binary. For example, to encode the decimal number 4 into XS—3 code, we 
must first add 3 to obtain 7. Then the 7 is encoded in its equivalent 4-bit binary code 0111. 


As another example, let us convert 57,, into its XS—3 code 


5 7 


+3 + 3 add 3 to each digit 
8 


1000 1010 convert to 4bit binary code 


The following table lists the B.C.D. and XS—3 code representations for the decimal digits. 
Note that both codes use only 10 of the 16 possible 4-bit code groups. The XS—3 code, however, 
does not use the same code groups. For XS—3, the invalid code groups are: 0000, 0001, 0010, 
1101, 1110 and 1111. 


Decimal B.CD. xS—3 
t) 0000 0011 
1 0001 0100 
2 0010 0101 
3 0011 0110 
4 0100 oil) 
5 0101 1000 
6 0110 1001 
7 oll 1010 
8 1000 1011 
9 1001 1100 


10.5 THE GREY CODE : 
The GREY CODE belongs to a class of codes called MINIMUM CHANGE CODES, in 
which only ONE bit in the code group changes when going from one step to the next. The Grey- 
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Code is an unweighted code, meaning that the bit positions in the code groups do not have any 
specific weight assigned to them. Because of this, the Grey-Code is not suited for arithmetic 
operations but finds applications in input/output devices and some types of analogue to digital 
converters, 

The following table lists the Grey-Code representations for the decimal numbers 0 to 15, 
together with the straight binary code. 


Decimal BinaryCode Grey Code 


0 0000 0000 
1 0001 0001 
2 0010 001 
3 0011 0010 
4 0100 0110 
5 0101 oil 
6 0110 0101 
7 oll 0100 
8 1000 1100 
9 1001 1101 
10 1010 111 
i 1011 1110 
12 1100 1010 
13 1101 1011 
14 1110 1001 
15 111 1000 


The Grey-Code is often used in situations where other codes, such as binary, might produce 
erroneous or ambiguous results during those transitions in which more than one bit of the code 
is changing, eg. using the binary code and going from 0111 to 1000 requires that all four bits 
change simultaneously. Depending on the device or circuit that is generating the bits, there may 
be a significant difference in the transition times of the different bits. If so, the transition from 
0111 to 1000 could produce one or more intermediate states. For example, if the MSB changes 
faster than the rest, the following transitions could occur: 


0111 decimal 7 
1111 erroneous code 
1000 decimal 8 


The occurrence of 1111 is only momentary but it could conceivably produce erroneous operation 
of the elements that are being controlled by the bits. Obviously, using the Grey-Code would 
eliminate this problem, since only one bit change occurs per transition and no “race” between 
bits can occur. ¢ 
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CONVERTING FROM BINARY TO GREY-CODE 
Any binary number can be converted to its Grey-Code equivalent as follows: 


1. The MSB of the binary number is the same for the Grey-Coded number. 
2. Exclusive OR each pair of adjacent bits to obtain the next grey bit, eg. 


RAAARAS 


PWV Y VOT — binary number 
sed ddd 
11101010 


—— grey number 
This is illustrated in Fig. 10.1. 
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2° 
Fig. 10.1 Binary to Grey-Code Converter 


CONVERTING FROM GREY-CODE TO BINARY 
Any Grey-Coded number can be converted to its binary equivalent as follows: 
1. The MSB of the Grey number is the same for the binary number. 
2. Exclusive OR diagonally from bottom to top as shown to obtain the next binary 
bit, eg. 
11001011 Grey-Coded number 


10001101 Binary number 


This can be illustrated in Fig. 10.2. 


ALPHANUMERIC CODES 
We have studied several codes that are used to represent numerical data, that is, numbers. 


Many digital systems, such as the computer, also use alphabetic data (letters) and special characters 
(punctuation and mathematics symbols) in addition to numbers. Many codes have been devised 
for representing letters, characters and numbers. Such codes are called ALPHANUMERIC CODES. 
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Fig. 10.2 Grey to Binary Code Converter 


One such code that has been devised is the ASCII (American Standard Code for Information 
Interchange. Pronounced Ask——ee.), which is used in the transmission of digital information. 
The ASCII shown in Appendix B table has 7 bits, which indicates that it can represent 27= 128 
different characters. Only some of these are shown in Appendix B. For example, using this code, 
the statement “PAY = $5.00” would be stored as: 


1010000 1000001 1011001 0190100 Binary 
50 41 59 24 Hexidecimal 
P A 4 $ Character 


PARITY METHOD FOR ERROR DETECTION 

The transmission of binary data from one location to another is common-place in all digital 
systems. Listed below are just some examples of this: 

1. Binary data output from a computer being recorded on magnetic tape. 

2. Transmission of binary data over telephone lines, such as between a computer and 

a remote console. , 

3. A number is taken from the computer memory and placed in the arithmetic unit, 

where it is to be operated on and the sum placed back into memory. 

The process of transferring data is subject to error, although modern equipment has been 
designed to reduce the probability of error. However, even relatively infrequent errors can cause 
useless results, so it is desirable to detect therm whenever possible. One ot the most widely used 
schemes for error detection is the PARITY mcthod. 
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THE PARITY BIT 

A parity bit is an extra bit that is attached to a code group which is being transferred from 
one location to another. The parity bit is made either 0 or 1, depending on the number of 1’s 
that are contained in the group. 

Two different methods are used. In the EVEN PARITY method, the value of the parity 
bit is chosen so that the total number of 1’s in the code group (including the parity bit) is an 
EVEN number, eg. suppose that the code group is 10110. The code group has 3 1’s, therefore, 
we will add a parity bit of 1 to make the total number of 1’s an even number. The NEW code 
group, including the parity bit, thus becomes: 


a 0110 
added parity bit 

If the code group contains an even number of 1’s to begin with, the parity bit is givena 
value of 0. For example, if the code group is 10100, the assigned parity bit would be 0, so the 
new code, including the parity bit, would be 010100. 

The ODD PARITY method is used in exactly the same way except that the parity bit is 
chosen so the total number is 1’s (including the parity bit) is an ODD number, eg..for the code 
group 01100, the assigned parity bit would bea is 

Regardless of whether even parity or odd parity is used, the parity bit is added to the 


code word and is transmitted as part of the code word. Fig. 10.3 shows how the parity bit is 
generated and then subsequently checked for an even parity system. 


A 

B DATA 
Cc INPUT 
D LINES 


DATA 


@), 


moaw> 


4-Bit Word 
Generator 


Transmitter 


DATA 
INPUT. 
LINES 
& PARITY 


(b) 


(ec) 
Fig. 10.3 (a) An EVEN Parity Generator 


(b) An EVEN Parity Checker 
(c) General Block Diagram of the Parity Met od 
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Bit \ : Receiver 


PARITY 
ERROR 
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Base Conversions 


The following table lists base conversions for all one-byte values. 


DEC. BINARY HEX OCT. DEC. BINARY 
02800088 43 00101614 
09900081 44 00101108 
02200818 45 00101161 
09900811 46 00101118 
9988188 4 00101114 
9908161 48 00110008 
09088116 49 00110081 


BREBPevausuwnroe 
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1160018 
01100011 
01108108 
81100161 
01100118 
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RRLSRPSRRSSBRISZRFPIRATRKSSSLISLKSLILLSRRSSBSBSLR 


RARBRASIRARIVIB 


BURR ERR SSSSRRFBRIS 


11081081 
11081618 
11081614 
11081168 
11081101 
11081116 
11081144 
11616008 
11010001 
11610018 
11610614 
11016168 
11016161 
11010116 
11016144 
11011008 
11011681 
11611018 


67 
88 
89 
BA 
68 
BC 
BD 
BE 
BF 
ce 
C1 
c2 
c3 
C4 
cs 
cé 
c7 
ce 
co 
cA 
ce 
cc 
© 
ce 
oe 
oe 
O41 
02 
b3 
b4 
ys} 
dé 
07 
oe 
09 
DA 


11100114 
111601000 
11161081 

11101016 
11161614 

11101108 
11101164 

11461418 
11101114 

11116008 

11110084 
11410818 
11410014 
11410188 
11110181 
11110116 
11410114 
11111600 
11111081 


HEX. 
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